We demonstrate the use of cold target recoil ion momentum spectroscopy to perform state-selective measurements of the dissociative channels following single-photon double-ionization of H 2 O. The two dominant dissociation channels observed lead to two-body (OH + + H + + 2e − ) and three-body (2H + + O + 2e − ) ionic fragmentation channels. In the two-body case we observe the presence of an autoionization process with a double-differential cross section that is similar to the single-photon double-ionization of helium well above threshold. In the three-body case, momentum and energy correlation maps in conjunction with new classical trajectory calculations in the companion theory paper by Z. L. Streeter et al. [Phys. Rev. A 98, 053429 (2018)] lead to the determination of the eight populated dication states and their associated fragmentation geometry. For the latter case, state-specific relative cross sections, median kinetic energy releases, and median angles between asymptotic proton momenta are presented. This benchmark-level experiment demonstrates that, in principle, state-selective fixed-frame triple-differential cross sections can be measured for some dication states of the water molecule.
(Received 27 April 2018; published 26 November 2018) We demonstrate the use of cold target recoil ion momentum spectroscopy to perform state-selective measurements of the dissociative channels following single-photon double-ionization of H 2 O. The two dominant dissociation channels observed lead to two-body (OH + + H + + 2e − ) and three-body (2H + + O + 2e − ) ionic fragmentation channels. In the two-body case we observe the presence of an autoionization process with a double-differential cross section that is similar to the single-photon double-ionization of helium well above threshold. In the three-body case, momentum and energy correlation maps in conjunction with new classical trajectory calculations in the companion theory paper by Z. L. Streeter et al. [Phys. Rev. A 98, 053429 (2018)] lead to the determination of the eight populated dication states and their associated fragmentation geometry. For the latter case, state-specific relative cross sections, median kinetic energy releases, and median angles between asymptotic proton momenta are presented. This benchmark-level experiment demonstrates that, in principle, state-selective fixed-frame triple-differential cross sections can be measured for some dication states of the water molecule.
DOI: 10.1103/PhysRevA.98.053430
I. INTRODUCTION
Understanding the correlated emission of electron pairs from one-, two-, or multicenter Coulomb potentials after single-photon double-ionization (PDI) is a fundamental challenge both theoretically and experimentally [1] [2] [3] [4] [5] . There is an extensive literature on PDI for atomic targets, particularly helium, where the final state consists of three measurable continuum particles and the single initial state for the electron pair along with spherical symmetry allows for clear theoretical interpretation of experimental results [6] [7] [8] [9] [10] . Interpreting PDI spectra from molecules is substantially more challenging. While in atoms there is a distinct energy value above which the PDI can be initiated, this threshold is less clear for molecules. This is due to the additional degrees of freedom in the binding potential, which result in an entire threshold region [11] . At the upper limit of this threshold region is the direct, or vertical, ionization threshold wherein a single photon promotes a correlated electron pair to the continuum. Within the bounds of this threshold region indirect or two-step processes are possible, wherein the photon ejects one electron and leaves the cation in an excited state which, after rearrangement, can eject a second electron. In atoms, only discrete electronic states have to be taken into account, which in many cases can be clearly distinguished in the PDI * jbwilliams@unr.edu measurement. However, the internuclear separation of the multicenter potential of a molecule results in a substantially more complex ground-state electronic configuration. Energy correlation maps, which depict the electron energy or electron energy sum as a function of the kinetic energy release (KER; sum of all neutral and ionic fragment kinetic energies), are one experimental tool that can probe the potential energy surfaces (PESs) and identify the electronic states involved in the dissociation; however, they are not always unambiguous, as some of the data below show.
Larger molecules such as triatomics can break up through multiple dissociation channels, further increasing the complexity of the PDI investigation. The relative populations of the final-state molecular fragments are governed by the often intricate dissociation channels on the PESs of the molecule. The binding energy of these surfaces varies as a function of the bending and (symmetric and asymmetric) stretching coordinates. Conical intersections and nonadiabatic transitions between the surfaces can allow energy distribution between the different modes and initiate nuclear rearrangements during the dissociation process of the molecular dication (e.g., vibration, rotation, isomerization [12] , roaming [13] ). Bond breakage can occur simultaneously or in a stepwise manner [14] . The number and kind of independent ways by which the dynamic nuclear system can move inherently increase the complexity of the correlated electron-pair emission process in their energy sharing and relative angles with respect to the body frame. It is therefore a challenge for theory and experiment to identify and isolate all of these different contributions.
In PDI investigations of molecular targets, both experiment and theory heavily rely on simplifying assumptions such as the Born-Oppenheimer approximation [15] and the axial-recoil approximation [16] . The axial-recoil approximation, which assumes that constituent ion fragments proceed outward along bond axes following dissociation, paves the way to measure electron emission patterns in the body-fixed frame, if electrons can be detected in coincidence with the nuclear fragments [17] [18] [19] . Ideally, kinematically complete experiments can be performed, where the three-dimensional (3D) momenta of all particles are directly measured or derived for each PDI event. This enables the deduction of the kinetic energies and relative emission angles of all particles in the final state, generating highly (or even fully) differential cross sections.
Investigation of kinematically complete PDI of the simplest molecule, H 2 , has been performed for more than a decade. Both theory [19] [20] [21] [22] [23] [24] [25] and experiment [3, 18, 26] have sought to probe the dynamics of electron correlation in the initial and final states.
Here we guide the reader through the detailed experimental exploration of the PDI of single water molecules, i.e., a simple planar triatomic target. The PDI experiment was performed with 57-eV photons, 18 eV above the vertical doubleionization threshold of 39 eV [27] for H 2 O. In principle, the PDI of H 2 O can lead to dissociation into the following twoand three-body breakup channels:
where a superscript asterisk ( * ) indicates the possibility of either a ground or an excited state. Of these five channels only two have been observed in our PDI experiment, namely, one two-body, (2), and one three-body, (4), breakup. Channel (1) has been observed in proton-water collisions [28, 29] . Experiments on PDI below the vertical ionization threshold of 39 eV have observed channel (3) [30] , while electron ionization experiments have recorded fragments from all five channels [31] . In addition to PDI, single photoionization can produce an excited molecular fragment which later autoionizes, producing identical ion signatures as PDI processes [27] . We observed one such autoionization channel, namely,
where the OH * molecule autoionizes to the OH + ion soon afterward.
The organization of the paper is as follows. In Sec. II we briefly discuss the setup used to produce the experimental data. In Sec. III we focus on the analysis of the observed two-body breakup. We present and discuss energy correlation maps, electron energy sharing results as single-differential cross sections (SDCSs), and relative electron-electron emission angles. The same spectroscopic analysis tools are applied to the observed three-body breakup in Sec. IV A. In Sec. IV B two new analysis diagrams are introduced: (a) the nuclear conformation map, i.e., the three-body yield as a function of the KER and the angle between asymptotic proton momenta (hereafter referred to as β), and (b) the triatomic breakup momentum plane. These new diagrams are introduced to identify and isolate, with the help of theory, all eight dication states relevant in this PDI experiment. We mention the unambiguous failure of the axial-recoil approximation, discovered and discussed in detail in the theoretical companion paper by Streeter et al. [32] . In Sec. V we conclude the investigation with a summary and outlook towards possible kinematically complete experiments on water molecules in the future.
II. EXPERIMENT
The current experiment was conducted using beamline 10.0.1 of the Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory to produce 57-eV photons for the cold target recoil ion momentum spectroscopy (COLTRIMS) experimental chamber. A rigorous description of the COLTRIMS technique can be found in the literature [33] [34] [35] . In short, a supersonic molecular beam is crossed with a photon beam inside a spectrometer comprised of two microchannel plate, delay line anode detectors with static electric and magnetic fields used to steer the charged photo fragments onto the detectors. The expansion of the molecular beam through the nozzle and into vacuum leaves the molecules internally cold and overwhelmingly in their ground vibrational and rotational states. The ion detector had a twolayer anode, while the electron detector had a three-layer anode [36] . The molecular beam was produced by heating a liquid water reservoir and the input gas line to increase the vapor pressure of the water. A near-4π solid angle collection efficiency is realized for all charged particles, with detector dead-time issues preventing coincidence measurements of electrons striking the detector simultaneously in the same place. The detectors are position and time sensitive, allowing the full 3D momentum vectors for each charged particle to be calculated.
In the current case, up to two electrons are measured in coincidence with either a proton-OH + pair or two protons. Analysis was performed only on coincidence events including all four charged particles. For the latter measurement, a neutral (perhaps excited) oxygen atom is not measured. The large momentum difference between atomic and electronic fragments allows us to use conservation of linear momentum among atomic fragments to calculate the momentum of the neutral oxygen fragment. Broadening of momenta due to the laboratory-frame velocity of the gas jet was negligible. We include this calculated oxygen momentum in the analysis of the three-body breakup.
III. TWO-BODY BREAKUP
This section focuses on the dissociation dynamics of the two-body channel resulting in a proton and an OH + * ion, including the autoionizing channel. The channel is identified by its signature inthe photoion-photoion coincidence (PIPICO) spectrum (Fig. 1) as the narrow circled feature associated with H + and OH + ions measured in coincidence. Horizontal and vertical stripes crossing the spectrum are random coincidences corresponding to the 328.266-ns period at the ALS, while the circled round feature in the lower left corner identifies the three-body channel. Two "replicas" of the H + + OH + feature can be observed as well. These are identical in origin to the horizontal and vertical stripes: they are two-particle ion coincidences corresponding to the ALS bunch marker and erroneously paired with electron background signals by the acquisition system.
Once the channel is isolated in the PIPICO spectrum we proceed by considering the energy correlation map [ Fig. 2 electrons from the coincidence measurement are included in the plot.
Gervais et al. [37] performed an exhaustive study of the eight lowest HDO 2+ dication dissociation channels, four of which preferentially dissociate to the two-body channel. They found that these four dication states (X 3 A , 1 1 A , 1 1 A , and 2
1 A in C S symmetry) dissociated with a KER near 7 eV. In this work we found a mean KER of 6.7 eV for the bright vertical feature in Figs. 2(a) and 2(b), which matches reasonably well the results in Ref. [37] . The width of the vertical feature in electron energy is due to the separation of the potential surfaces leading to the four states: the potential surface "shapes" are similar, leading to comparable KER values, but their relative heights above the H 2 O ground state are different, leading to a broad range of electron energies. The extent of the vertical feature is exacerbated by the electron energy resolution.
Based solely on the analysis in Ref. [37] , it is unclear what the diagonal feature observed in the energy correlation maps ( Fig. 2 ) might represent. Instead, a study of two-step PDI of water by Sann et al. [27] using 43-eV photons provides evidence that this diagonal feature is a signature of an autoionization process. Single photoionization of the water molecule produces a proton and an excited OH fragment, which subsequently autoionizes to the X 3 − ground state of OH + once the proton is far enough away that the autoionization channel becomes energetically open. Measurement of the two ionic fragments, as well as the fast photoelectron and slow autoionization electron, is easily misinterpreted as a direct PDI event upon first inspection.
Comparing Fig. 1 (b) in Ref. [27] to Fig. 2 (b) here offers verification that we have observed the same autoionization process. The excess photon energy of the current experiment (57 eV instead of 43 eV), as well as the preponderance of direct PDI, manifest in the bright vertical stripe connecting the "fast electron" (diagonal feature) and "slow electron" (horizontal feature near 0). The electron energy sharing ratio is presented as a single differential cross section in Fig. 3(a) . The electron energy correlation is presented in Fig. 3(b) . Features along the axes in Fig. 3 (b) correspond to the fast and slow electron energy pairs, while the diagonal feature corresponds to the symmetric electron energy sharing of a PDI process. In PDI of larger molecules, for example, in difluoroethylene C 2 H 2 F 2 , the asymmetric energy sharing features appear below the diagonal, in contrast to the feature appearing above the 053430-3
FIG. 4. Electron yield of the H
+ + OH + channel as a function of the individual electron energies with (a) KER < 5 eV, isolating the asymmetric energy sharing contribution, and (b) KER > 7 eV, isolating the symmetric energy sharing contribution. diagonal in Fig. 3(b) [38] . This disparity is again likely resolved by consulting with Ref. [27] . The autoionizing channel leads to the OH + ground state X 3 − , while PDI channels can lead to a number of excited cation states. Higher potential surfaces leave less energy to distribute among the photoelectrons in this case, which accordingly moves the diagonal feature in Fig. 3(b) toward the origin.
The two features in Fig. 3(b) can be separated to a large extent by requiring KER < 5 eV and KER > 7 eV, which elucidates the asymmetric and symmetric sharing features, respectively, as shown in Fig. 4 . Separation of the asymmetric electron energy sharing via a gate on KER < 5 eV is consistent with techniques used in Ref. [27] which separated the autoionization channel with similar "low-KER" gating.
We note that in Ref. [27] , significantly less direct PDI was observed than in the current data. This is due to the lower photon energy of 43 eV being closer to the direct PDI threshold. Among the PDI events observed, there is a preference for equal electron energy sharing, which can be best observed in the small bright spot in the center of the diagonal feature in Fig. 3(b) . This tendency toward equal energy sharing in the PDI case is discussed in detail in Sec. IV for the three-body case.
Eland et al. [39] and others have observed indirect dissociative double-ionization processes below the vertical doubleionization threshold, as low as 34 eV photon energy. The signature of such an autoionization event is one electron with nearly all the excess photon energy paired with an electron of near-zero energy. In the current experiment, a 57-eV photon would impart ∼23 eV to the photoelectron in such a process. The current data do not display any significant signature corresponding to such a dissociation pathway.
Further separation of the PDI data in the two-body channel is extremely challenging due to the lack of separable features. Gervais et al. [37] , and more recently Ref. [32] , inform us that the PDI data are likely a combination of primarily the 3 A 2 , 1 1 A 1 , 1 A 2 , and 2 1 A 1 dication states. However, these states cannot be separated in the current data set.
Despite the difficulty in identifying individual dication states in the two-body channel, we are able to report two sets of doubly differential cross sections. The first is the relative electron-electron emission angle for both symmetric and highly asymmetric electron energy sharings (SDCS values of Fig. 5(a) ] resembles the predictions of atomic "knockoff" (or "knockout") models for angular distributions following double-photoionization well above threshold [40] . In this case, one expects symmetric energy sharing and a billiard-ball 90
• angular peak, which skews toward 180
• due to Coulomb repulsion. Figure 5(a) represents the PDI case, where the photon promotes two correlated electrons to the continuum and a dication state is populated directly. The completeness of this particular measurement is, however, limited by the electron detector dead time, particularly where equalenergy electrons with nearly identical momentum vectors can hit the detector at the same place and time, causing the loss of the multihit event. We present the measurement here with the caveat that although general trends in this distribution are likely correct, the measurement should be confirmed in a future experiment with reduced phase-space lapse, leading to multihit event losses.
The distribution of the angle between the photoelectrons in the case of highly asymmetric energy sharing, i.e., the autoionization case, is shown in Fig. 5(b) . This distribution meets expectations for an autoionization process, where the slow electron has no "knowledge" of the fast electron's momenta and is emitted isotropically in a second step.
Figures 6(a) and 6(b) show the laboratory-frame photoelectron angular distributions with respect to the photon polarization axis. Figure 6(a) is the distribution of the fast electron of an asymmetric energy sharing pair, carrying >90% of the total electron energy. Figure 6(b) is the distribution of a slow electron in an asymmetric pair, carrying <10% of the total electron energy. Figures 6(a) and 6(b) resemble the distributions presented by Knapp et al. [41] and Colgan et al. [20] following double-photoionization of helium well above threshold. Both studies found that the fast electron had a pronounced dip around 90
• , similar to a dipole transition to the continuum. The similarity of their finding to those in Fig. 6(a) suggests that the fast photoelectron measured here is emitted from an orbital of mainly atomic S character. In addition, they found that the slow electron had an essentially isotropic distribution, which was also the finding in Fig. 6(b) .
IV. THREE-BODY BREAKUP
We begin the analysis by repeating the approach employed in the two-body case with energy correlation maps, electron energy sharing, and angular analysis, described in Sec. IV A. Successful identification of features in the energy correlation map leads us in a new direction, which is described in Sec. IV B.
A. Energy correlation maps, electron energy sharing, and electron emission angles
Analysis of the three-body reaction channel begins with identification of the channel in the PIPICO spectrum as the broad, round feature near the origin. The next steps follow the path of the two-body channel analysis, with continuum energy correlation maps. Since the three-body breakup has an angular component among the ionic fragments, an additional spectrum is presented in Fig. 7(b) , namely, the H + + H + + O * yield as a function of the total continuum energy (sum of KER and electron energies) and β. In contrast with the two-body case, there are separated features in the energy correlation map shown in Fig. 7(a) . Three features of the distinct total continuum energy are visible. These features correspond to the lowest three energy terms of the neutral oxygen fragment, 3 P , 1 D, and 1 S, the asymptotic limits of the dissociating dication potential energy surfaces leading to H + + H + + O and discussed in great detail by Gervais et al. [37] and in Ref. [32] . These features are labeled in Fig. 7(b) , and their energies are shown in Table I The electron energy sharing SDCS for the three-body breakup in Fig. 8 (a) displays a structure different from that of the two-body breakup shown in Fig. 3(a) . The distribution peaks at the center, indicating a strong preference for a near-symmetric energy sharing between the photoelectrons. In contrast with the two-body breakup, the data do not reveal a different energy sharing between the photoelectrons. While autoionization to H + + O + + H is energetically possible, such a breakup was not observed in these data.
We attribute the center-peaked feature of the three-body PDI channel to a reduction of the electron energy phase space due to the relatively low photon energy. The binding energy of the electrons (39 eV) is higher than the excess energy of the photoelectrons (<18 eV). The competing process to direct PDI is the recapture of one electron; near threshold, if the photoelectrons do not share energy nearly evenly, the slow electron can be recaptured, resulting in a single-ionization or multistep autoionization process rather than direct PDI. The shape of the SDCS in this case is determined by the Wannier threshold geometry and energetic phase-space volume [43] [44] [45] [46] . As recapture is more likely for asymmetric electron energy sharings, symmetric sharings are measured more often and the resulting SDCS resembles the center-peaked feature shown in Fig. 8(a) . Accordingly, Fig. 8(b) shows no bright features along the ordinate and abscissa and only a diagonal feature which corresponds to symmetric energy sharing. Figure 9 presents the angle between the momenta of the two electrons. This figure is similar to the findings from the two-body channel in the case where the electrons have nearly equal energy, i.e., the direct PDI case. As in the two-body case, this distribution is presented with the caveat that the angular distribution is limited by electron detector dead time and the measurement should be confirmed in future experiments with an emphasis on improved resolution for equal energy sharing electron pairs.
B. Nuclear conformation maps and molecular momentum planes
It is well known that the two hydrogen nuclei bind to the central oxygen atom via covalent bonding in the H 2 O electronic ground state. Interactions between the binding electrons and the nuclear charges perturb the geometry of the molecule such that the minima of the bending potential occur at ∼104.5
• . While the two-body channel offers no information regarding the bond angle at the time of photoionization, detection of the 3D momenta of the outgoing protons in coincidence allows us to infer the momentum of the oxygen atom via linear momentum conservation as described in Sec. I. This enables us to determine the asymptotic angle between proton momenta, β. It is clear in Fig. 7(b) 1 S) have unique β distributions. As the water dication populates various PESs, we should expect changes in bond angle and OH bond lengths as the dication is rearranged according to the new dication molecular potential. Changes in the bond angle and bond lengths can manifest in both KER and β. To investigate these possibilities, we visualize the yield of the three-body channel as a function of the KER and β, shown in Fig. 10 . Hereafter, such figures are referred to as nuclear conformation maps. Yield plots contrasting various dissociation angles and energies have been used in the literature to, for example, distinguish between concerted and stepwise bond cleavage in molecular systems [14] .
Knowledge of the water dication potential surfaces and their asymptotes from Ref. [32] leads us to conclude that the features in Fig. 10 must correspond to the various dication states populated by the PDI. As each dication state dissociates to a particular total continuum energy asymptote, easily identified by the neutral oxygen term, we can produce nuclear conformation maps using the total continuum energy gates shown in Fig. 7(b) . The conformation maps produced with FIG. 11 . Nuclear conformation maps, restricted by the total continuum energy as shown in Fig. 7 • and under symmetric stretch (R 1 = R 2 ). The nearness of the dication curves at R eq suggests the origin of the overlap of the states in the nuclear conformation map.
these total continuum energy gates will then be limited to the dication states that dissociate to the corresponding oxygen asymptote. The results of these total continuum energy gates on the nuclear conformation map are shown in Fig. 11 .
Before further discussion of the features in Fig. 11 , it is highly informative to pause and take further guidance from the theory provided in Ref. [32] , as the computed potential surfaces suggest that each oxygen asymptote is associated with specific dication states: The triplet dication states 3 Fig. 12 . Branching ratios presented in Ref. [32] and Ref. [37] suggest that the 1 1 A 1 dication dissociates nearly exclusively to the two-body channel H + + OH + . Consequently, for a three-body dissociation, we expect three dication states to lead to the O( 3 P ) asymptote, four to the O( 1 D), and one to the O( 1 S). The nuclear conformation maps in Fig. 11 , gated on the total continuum energy corresponding to each final oxygen term, match results in Fig. 9 in Ref. [32] , wherein classical trajectory simulations were used to produce nuclear conformation maps for each of the eight anticipated dication states. These simulations were grouped by the dication states that have identical asymptotic continuum energies, i.e., by the oxygen term. In the simulations, each dication state appears to have a characteristic combination of KER and angle β.
It is now apparent that the combination of asymptotic continuum energy (corresponding to the neutral oxygen term), KER, and β might be used as a signature to select individual dication states in the data as they dissociate into the threebody channel H + + H + + O * . The results from Ref. [32] show that there is some significant overlap in these states, particularly those leading to the O( 1 D) asymptote. The nearness of the 1 B 2 , 2 1 A 1 , and 1 A 2 potential surface slices, shown in Fig. 12 , helps visualize this overlap.
We use the prescribed combination of asymptotic continuum energy, KER, and β from Ref. [32] to create stateselection gates for each of the eight dication states of the dis- sociating water molecule. The gates are polygons surrounding each dication state in the conformation map. The polygon gates are summarized in Table II and visualized in Fig. 13 . For the given data set, we chose gates both to minimize cross-state contamination and to maximize total events. The application of these gates excludes some valid data from each state, while admitting some contamination from nearby states in the conformation map space. We apply the gates to classical trajectory calculations from Ref. [32] to characterize the quality of the state selection in two ways. First, we observe the distribution of the different states present in the gated data, i.e., the state prevalence. Second, we observe the amount of the selected state present in the gate as a fraction of the total number of simulated events for that state, i.e., the state fraction. Table III With the gates from Table II , the states are selected with better than 91% targeted state prevalence for all states except 2 1 A 1 . We anticipate that with a more robust data set and more refined gates, many of these values can be improved. From visual inspection of Figs. 13 and 9 in Ref. [32] it is clear that we lose a significant number of events from all dication states leading to the O( 1 D) asymptote due to their overlap in the conformation map around KER = 6 eV and β = 140
• . Using the state-selection gates listed in Table II , we list the relative cross sections for the states as approximate percentages of all three-body data in Table IV . These relative cross sections are produced by applying the state-selection gates for each of the eight dication states and reporting the fractional yield of the coincidence measurement.
In addition to the relative cross sections, we report the peak values for the KER and β for each dication state, listed in Table V . The standard deviation for each gated distribution is reported along with the peak value.
It bears repeating that in Tables IV and V, the quality of the state-specific separations of the data varies. We have quantified the severity of cross-state contamination in Table III . Despite this caveat, the agreement with results in Ref. [32] for KER and β values is encouraging.
In addition to the KER, β, and fractional yield measurements, knowledge of the 3D momentum vectors of each molecular fragment gives us access to another powerful analysis tool. The momenta of the particles can be visualized in the molecular momentum plane defined by the proton momenta. Specifically, we define the z axis for the molecular plane aŝ
The y axis is defined as the perpendicular coplanar axis, as shown in the center of Fig. 15 . This allows us to form a Newton-like plot of the fragments in the molecular dissociation plane. Under the axial-recoil approximation, such plots would reveal the dynamics of the dissociating water dication in the rest frame of the molecule. However, results in Ref. [32] suggest that the axial-recoil approximation fails, in some cases dramatically, for the PDI of water. As a result, the Newton-like plots serve as a visual guide to the asymptotic dissociation and a probe for theoretical results without reliance on the axialrecoil approximation. The current experiment and analysis produce asymptotic momenta for each particle, and as a result, the experiment itself is unable to determine whether or not the axial-recoil approximation has failed without input from theory. The Newton-like momentum plot, integrated over all dication states, is presented in Fig. 14 . From previous analysis of the conformation maps in this paper we expect that this Newton-like plot should have distinct values of momenta and β for each dication state. Separation of the individual dication states in the Newton-like plot is achieved by the application of the state-selection gates reported in Table II . These stateselected Newton-like plots are presented in Fig. 15 .
Using all the tools developed in Sec. IV B and guidance from Ref. [32] , Fig. 15 provides dissociation frame momentum plots which separate each of the eight dication states. These figures are produced by limiting the total continuum asymptotic energy as in Fig. 7(b) and by limiting the KER and β according to the unique features of the nuclear conformation maps identified using the classical trajectory simulations from Ref. [32] . The details of these gates are reported in Table II and Fig. 13 . The assignment of particular dication state labels follows guidance from Ref. [32] .
Simulation results from Ref. [32] were used to reproduce the Newton-like figures, shown in Fig. 16 . These figures 14. Newton-like plot of the dissociating water molecule, in the molecular dissociation frame, for the three-body breakup. The horizontal axis is along the sum of the proton unit momenta. Protons are in the first or second quadrant, by definition, while the oxygen momentum is in the third and fourth quadrants.
provide further evidence that the state-selection gates in Table II are separating the correct dication states. The axialrecoil approximation was not needed to make this comparison, as Ref. [32] reproduced the results of the direct physical observable, e.g., the asymptotic momenta.
V. CONCLUSIONS
We have measured the 3D momenta of two ionic fragments and two electrons in coincidence following the PDI of water molecules with single linearly polarized photons of 57 eV. The analysis was split to focus separately on (a) the observed twobody reaction channel, H + + OH + , and (b) the three-body channel, H + + H + + O * . (a) Energy correlation maps (Fig. 2) , single-differential cross sections (Fig. 3) , double-differential cross sections of electron-electron emission angles and electron angular distributions with respect to the polarization axis (Figs. 5 and 6 ) revealed a rich body of data due to at least four dication states and OH + fragment vibronic and rotational excitation. Furthermore, it was found that the PDI channel was overlayed with an autoionization process. Unique single-differential crosssection distributions were observed for states dissociating via autoionization and those dissociating via direct PDI. Identification of dication states X 3 A , 1 1 A , 1 1 A , and 2 1 A could not be realized without more separable data or guidance from theory. Since measurements of the final-state dissociation angles are not a measurable quantity in the two-body breakup, only a highly resolved measurement of the energy correlation map (Fig. 2) might offer access to these states. This would require a larger data set than was realized in this experiment.
(b) Spectra similar to those in paragraph (a) were used to investigate the dissociation dynamics, as well as a new nuclear conformation map (Fig. 10) and Newton-like plots (Fig. 14) . Analysis of the electron single-and double-differential cross sections (Figs. 8 and 9 ) were similar to those of the two-body channel for equal energy sharing but showed no signs of extreme electron energy asymmetry following indirect autoionization channels. Nuclear conformation maps and guidance from Ref. [32] provided a way to state-select the three-body fragmentation. The most contaminated data following state selection was the 2 1 A 1 state, which included no more than ∼83% of the selected state following the application of the gate. In contrast, the other seven gates provided better than ∼91% state prevalence in each case. With the state-selection gates, we extracted state-specific peak kinetic energy releases (KERs) and βs and compared them to the results from classical trajectory simulations in Ref. [32] . Furthermore, we have presented the first experimental relative cross sections for these eight dication states following further guidance from Ref. [32] .
In principle, the experimental selection and molecular plane orientation of the dication states can be used to make state-selected, fixed dissociation-frame triply differential cross-section (TDCS) measurements. Results from Ref. [32] suggest that three states, namely, 2 1 A 1 , 1 B 1 , and 3 B 1 , cannot be described as adhering to the axial-recoil approximation in any way. The rest of the states can be state selected and body frame oriented. From the gates presented in Sec. IV B, we can determine state-selected and body-frameoriented TDCSs. These cross sections, typically presented as an angle between photoelectrons with the energy sharing ratio and body frame fixed, are exquisitely sensitive to electronelectron correlation as determined by the initial two-electron wave function, selection rules based on parity and angular momentum conservation depending on the energy sharing of the two electrons, symmetry effects of the populated molecular dication state, and Coulomb interactions of all free charged particles. While the measurement of TDCSs has been nicely realized in great detail for the PDI of H 2 (resp. D 2 ) [3, 18, 19, 25, 26] , such investigations already become demanding for the PDI of diatomics like N 2 and O 2 due to the multitude of electronic states involved in the near-threshold region. Few successful experiments have been performed on these diatomic systems [47, 48] . Advancing towards such highly detailed PDI studies of small polyatomics represents a challenge for theory and experiment alike. The new spectroscopic analysis tools presented here will be used to produce clean and powerful TDCS measurements in future investigations.
